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Based on the phenomenological theory of heat diffusion, we show that the generated peak
temperature Tmax after absorption of a laser pulse strongly depends on the pulse duration. We
identify three different heat conduction regimes which can be identified via a simple parameter
that depends only on the pulse duration and on material constants. The phenomenological
approach is supported by numerical simulations of heat diffusion and measurements of the
thermal surface expansion after transient grating excitation with 1 ps and 10 ns optical pulses.
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I. INTRODUCTION
Excitation and processing of materials with pulsed
lasers has become a versatile tool in science and industry.
For example, impulsive laser heating is used to generate
shock waves for dynamic compression studies1–3, in pho-
toacoustic material spectroscopy4–6 or in industrial ap-
plications, e.g., in laser ablation7,8, laser cutting9,10 or
laser marking11. In many other experiments and appli-
cations, laser heating, although an unwanted side effect,
must be considered. Commercial pulsed laser sources
today deliver pulses with a duration from few femtosec-
onds up to hundreds of nanoseconds. Thus, the relevant
timescale for laser heating stretches at least over five or-
ders of magnitude. In addition to the pulse duration, the
light-matter interaction depends also on other parame-
ters like the laser wavelength λ, the laser fluence and
the pulse repetition rate. Often the best combination of
these quantities is found in empirical studies.
In this paper we derive a parameter to characterize
the heat diffusion dynamics after absorption of a laser
pulse in an opaque medium. The parameter depends only
on material constants and on the laser pulse duration
and allows for a quick estimation of the generated peak
temperature at the sample surface.
II. PHENOMENOLOGICAL THEORY
In this section we briefly review the phenomenological
theory of heat diffusion as described by the heat diffu-
sion equation when applied to the case of pulsed optical
excitation of semi-infinite solids. In particular we are in-
terested in the maximum temperature Tmax at the solid
surface after the optical excitation and its dependence
on the duration of the exciting laser pulse. We disre-
gard the nature of the diffusion process, i.e., whether the
thermal energy is transported vie phonons12, electrons13
magnons14 or other excitations. Hence, we do not apply
multi-temperature models, although it is actually nec-
essary on ultrashort timescales, i.e. for optical pulses
shorter than 1 ps. Instead we assume that all subsys-
tems of the solid are in thermal equilibrium and compare
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the heat diffusion dynamics in a broad temporal range
from femtoseconds to microseconds. In the following,
we also neglect convection and radiative heat exchange
which contribute only marginally to the heat transport
in our conditions.
The energy conservation law in our case takes the form
of the heat balance equation
cpρ
∂T
∂t
= −∇ · q+Q, (1)
where q is the heat energy flux [W/m2], cpρ is the heat
capacity per unit volume [J/m3K], Q is the external heat
source [W/m3] and T denotes temperature [K]. In the
simplest case, the heat flow at any point in the solid is
determined by the direction and the magnitude of the
thermal gradient as denoted in Fourier’s law
q = −k∇T (2)
where k [W/m·K] is the heat conductivity coefficient. In
the general case, k is a tensor describing anisotropic ther-
mal conductivity. However, as will be derived later, we
restrict ourselves to one-dimensional heat transport and
k becomes a scalar quantity. Combination of 1 and 2
yields the classical heat diffusion equation (HDE)
cpρ
∂T (r, t)
∂t
− k∇2T (r, t) = Q(r, t) (3)
that must be solved with the initial condition
T (r, 0) = T0 (4)
The external heat source term Q denotes the absorp-
tion of a laser pulse with Gaussian shape in space and
time. In the approximation of short optical absorption
depth a  cτ , where c is the speed of light and τ is the
pulse duration, the heat source in cylindrical coordinates
reads
Q(r, z, t) =
E0(1−R)
pi
3
2 τd2a
e−
r2
d2 e−
t2
τ2 e−
z
a . (5)
E0 is the incident pulse energy [J] of the optical pulse,
τ and d are the 1/e pulse duration and beam size, re-
spectively, a is the optical absorption length, R is the
optical reflection coefficient. Integration over space and
time of eqn. 5 yields the absorbed pulse energy equal to
E0(1−R). The excitation geometry is depicted in fig. 1
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FIG. 1. Excitation Geometry: A gaussian laser pulse with
width d and duration τ shape is absorbed at the sample sur-
face. The red areas depict the initial temperature profile. The
characteristic absorption length α is indicated in the graph.
To retrieve the full heat diffusion dynamics one has to
solve Equations 3-5. Various more or less elaborate finite
element method (FEM) solver are available for that task.
Often however, a full solution of the system of equations
is not necessary, for example if a specific sample geometry
or a specific timescale are studied. In many applications
like laser ablation or laser-based material processing it is
sufficient to know the maximum of the surface tempera-
ture.
Instead of solving the full heat diffusion problem, we
derive a simple parameter which characterize the heat
transport regime and which allow for a simple estima-
tion of the maximum surface temperature Tmax after ab-
sorption of the optical pulse. This characteristic heat
diffusion parameter depends only on material constants
and on the duration of the exciting laser pulse and al-
lows for a simple but accurate evaluation of the diffusion
problem, even in complicated problems, e.g., thin film
heterostructures.
III. HEAT DIFFUSION IN OPAQUE MEDIA WITH
SMALL OPTICAL ABSORPTION DEPTH
In this section we discuss heat diffusion in a solid after
localized excitation with a single laser pulse of variable
duration. For optical excitation of metal targets the op-
tical absorption coefficient α = 1/a is large, i.e., the ab-
sorption length a  d is much shorter than the lateral
beam size d. Thus, on timescales
t τ‖ = d
2cpρ
2k
(6)
the heat flow is directed perpendicular to the surface be-
cause ∇T ≈ ∂T/∂z where the z-direction is the direction
of the surface normal. The heat equation 3 simplifies to
cpρ
∂T (r, z, t)
∂t
= k
∂2
∂z2
T (r, z, t)
+
E0(1−R)
pi
3
2 τd2a
e−
r2
d2 e−
t2
τ2 e−
z
a , (7)
,i.e., the lateral temperature profile is determined by the
lateral profile of the exciting laser pulse energy density
and not modified by heat diffusion processes on these
timescales.
In fact, τ‖ denotes the necessary diffusion time for a
one dimensional, step-like temperature distribution to
broaden into an error function profile of width d. In our
problem, the parameter describes the lateral heat diffu-
sion in the x-y-plane. Because the heat source, which is
an absorbed laser pulse with a lateral Gaussian intensity
profile with σe = d, already introduces lateral temper-
ature gradients of width d, in-plane heat diffusion can
be neglected on time scales much shorter than τ‖. For a
beam size of around 1 mm hitting Pt metal the charac-
teristic time τ‖ is around 10 ms.
A. Excitation with ultrashort laser pulse
Now we define a characteristic timescale similar to τ‖
but for heat diffusion in perpendicular direction
τ⊥ =
a2cpρ
2k
(8)
In analogy to τ‖, this parameter describes the diffusion
of a step-like heat distribution into a smooth Gaussian
heat profile. For ultrashort optical pulses with duration
τ  τ⊥ (9)
the heat diffusion term in eqn. 1 is negligible compared
to the source term Q on the timescale of the pulse du-
ration. The rate of temperature change only depends on
the external heat source i.e., on the absorbed laser pulse.
Hence, the temperature field at a time t is determined by
the integral
T (r, z, t) =
E0(1−R)
cpρpi
3
2 τd2a
e−
r2
d2 e−
z
a
∫ t
−∞
e−
t′2
τ2 dt′ (10)
The maximum temperature rise Tmax occurs at the sur-
face in the center of the laser pulse
T (0, 0,∞) = E0(1−R)
cpρpid2a
=
F
cpρa
= Tmax (11)
with the absorbed fluence [J/m2]
F =
E0(1−R)
pid2
(12)
Thus, in the limit τ  τ⊥ where the heat diffusion
term can be neglected, the maximum temperature change
Tmax is independent of the duration of the optical pump
pulse.
B. Excitation with long laser pulses
Again we use eqn. 8 to define the regime of long pulse
duration:
τ  τ⊥ (13)
which may also be expressed as
a 2kτ
cpρ
(14)
3In the regime of long pulse duration the optical absorp-
tion length is much shorter than the characteristic heat
diffusion length. On timescales t ' τ the heat diffusion
term in eqn. 7 dominates. This limit is thoroughly dis-
cussed in literature15,16. Here, we rely on the solution
presented by Bechtel15. The heat diffusion problem is
solved by replacing the inhomogeneous heat equation 7
by the homogeneous heat equation with the heat source
defined as the boundary condition:
−k∂T
∂z
(r, 0, t) =
F√
piτa
e−
r2
d2 e−
t2
τ2
∫
e−
z
a dz
=
F√
piτ
e−
r2
d2 e−
t2
τ2 (15)
A detailed discussion of Bechtel’s solution is presented
by Shayduk et al.17 and compared to experimental data
in the context of pulsed nanosecond laser heating of a
Platinum surface. The maximum of the temperature
Tmax [K] is reached at t ≈ 0.54 · τ and reads
Tmax ≈ 2.15 F
pi
√
kρcpτ
(16)
In order to compare the limit of excitation with a short
and a long optical pump pulse, we normalize the peak
temperature [c.f. eqn. 16] to the result of the short pulse
regime [c.f. eqn. 11]. Assuming similar pulse fluencies
in both cases, i.e., a similar absorbed energy E0(1− R),
we find that the temperature rise at the sample surface
reads
T surfmax ≈
√
τ⊥
τ
(17)
This solution is experimentally verified for long excitation
pulses17. This expression becomes invalid for τ ≤ τ⊥ be-
cause T surfmax > 1. Thus, for an intermediate pulse duration
τ ≈ τ⊥ (18)
there is a transition regime, where neither the heat dif-
fusion term [c.f. sec. III A] can be neglected, nor the
surface absorption boundary condition [c.f. eqn. 15] ap-
plies. Instead the full heat diffusion equation 7 must be
solved.
C. Intermediate transition regime
In order to characterize the transition regime, we solve
the full heat diffusion equation [c.f. eqn. 3] numeri-
cally with the finite element solver COMSOL. We im-
plement a source term with variable pulse duration in
the range of 10−14 sec to 10−5 sec. The absorbed pulse
energy in the simulation was 2.4 mJ/cm2. It is kept con-
stant for all pulse durations and the simulation was per-
formed assuming a Gaussian footprint on the sample sur-
face. The simulation yields a spatiotemporal tempera-
ture field which we evaluate by extracting the maximum
temperature rise and normalize it to eqn. 11, i.e., Tmax
in the short pulse limit. The simulations were performed
for bulk Platinum (Pt) and for a thin film heterostruc-
ture sample which consists of a top layer of optically
cp k ρ a
[J kg−1K−1] [W m−1 K−1] [g m−3] [nm−1]
LAO 438 12 6.52 ∞
LSMO 598 12 6.6 44
NGO 344 7 7.56 ∞
Pt 130 71.6 21.45 8
TABLE I. Simulation parameters for the numerical so-
lution of the HDE: cp, k, ρ, a denote the specific heat,
thermal conductivity, mass density and optical absorption co-
efficient, respectively
transparent LaAlO3 (LAO), an optically opaque layer
of La0.7Sr0.3MnO3 (LSMO) and a transparent NdGaO3
(NGO) substrate. The layer thickness was 100 nm and
65 nm, respectively, the structure is sketched in fig. 2 b).
Simulation parameters are given in tab. I and experimen-
tal data measured on a similar heterostructure is shown
in the experimental section IV.
The normalized peak temperature T surfmax for different
duration of the optical pump pulse in both samples is de-
picted by the solid lines in fig. 2 a). The gray dashed line
depicts the normalized solution in the long time limit [c.f.
eqn. 17]. The black dashed line marks the maximum nor-
malized temperature T surfmax = 1. First, we discuss the blue
solid line, which depicts the temperature dependence for
bulk Pt. According to eqn. 18 and eqn. 8 we expect the
transition regime for a pulse duration of τ⊥ ≈ 1.15 ps.
For shorter excitation pulses, T surfmax approaches unity and
excitation pulses longer than 100 ps T surfmax follows the gray
dashed line which depicts the long pulse limit.
Temperature dependence on the pulse duration for the
heterostructure sample is shown by the red solid line. We
estimate the transition time by using only material pa-
rameters of the absorbing layer, i.e., (La,Sr)MnO3. With
the values given in tab. I we find τ⊥ ≈ 320 ps, i.e., more
than 100 times longer than that for Pt.
Fig. 2 shows that the transition regime stretches over
several orders of magnitude. The short pulse limit yields
accurate estimations of the peak temperature if femtosec-
ond optical pulses are used for the excitation. Deviation
from the short time limit may occur even for picosecond
excitation pulses. The long time limit is valid only for
excitation pulses with nanosecond or even microsecond
duration.
The τ⊥ constant is a material parameter, which de-
scribes heat transport after optical excitation of a solid
with a single laser pulse. In general, the peak tempera-
ture after absorption of a laser pulse shorter than 1 ps can
be calculated in the short time limit using eqn. 11 in any
material. As stated below, one might have to consider
multi-temperature models on these ultrashort timescales.
Metals tend to have small values of τ⊥, due to the high
thermal conductivity and the short optical penetration
length. In other materials, e.g., semiconductors, τ⊥ may
become much longer. As shown by the example of the
heterostructure sample, the transition regime may extend
up to a pulse duration of 100 ns. Commercially available
pulsed lasers rarely provide longer pulses. Thus, except
for femtosecond laser excitation, the peak temperature
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FIG. 2. FEM Simulation results: a) Simulated peak tem-
perature vs. duration of the excitation pulse. The solid lines
denote results for Platinum (Pt, blue) and for the LaAlO3
(LAO) on (La,Sr)MnO3 (LSMO) heterostructure grown on
NdGaO3 (NGO) substrate (red). The sample is depicted in
b). c) Calculated values for the transition time constant τ⊥
Note that for Sillicon (Si) and Germanium (Ge) we used the
optical absorption length a at a wavelength of 400 nm, while
for Pt, Aluminum (Al), Gold (Au) and for the heterostructure
sample we used a at a wavelength of 800 nm.
after laser excitation must be evaluated in the transition
regime. Examples for transition time constant τ⊥ of dif-
ferent materials are given in fig. 2 c).
In addition to estimating the transition pulse duration,
τ⊥ may also be used to approximate the temperature rise
after optical excitation across the whole range of pulse
durations. The normalized approximated temperature
rise is given by
Tnormapprox =
1√
1 + τ/τ⊥
(19)
and results of the approximation are shown by the dash-
dotted lines marked for clarity with yellow bullets and
magenta crosses in fig. 2 a), respectively. The approxi-
mated temperature rise matches the simulated result for
Pt. For the heterostructured sample we observe a devia-
tion since the temperature distributes across several ma-
terials. A better representation could be obtained with
an effective medium value for τ⊥ of the heterostructure.
We believe that fig. 2 together with eqn. 19 provide an
easy-to-use recipe to retrieve the peak temperature after
laser excitation with arbitrary pulse duration. A reliable
approximation can be derived directly from material pa-
rameters of the sample by calculating τ⊥. In particular, it
is often not necessary to solve the complex heat diffusion
problem.
We want to point out again that our calculations are
based on a phenomenological theory. For excitation
pulses shorter than 2 ps we generally recommend using
multi-temperature models to retrieve peak temperatures
Tmax. In the short pulse limit temperatures may devi-
ate from predictions of our model18. In materials with
slow electron-phonon coupling, such as Au19, the opti-
cal absorption depth may no longer determine the initial
temperature profile after pulse absorption due to ballis-
tic electron transport20. However, as soon as thermal
equilibrium of electrons and phonons is reached, our phe-
nomenological theory applies.
However, our phenomenological model yields a good
first estimate of the heat transport regime based solely
on material parameters and on the laser pulse duration.
In particular, we showed that the intermediate transi-
tion regime stretches over a broad range of pulse dura-
tion. In fact, heat transport in many industry-relevant
materials happens in the transition regime7,21–23. The
commonly applied heat diffusion equation 3 with a sur-
face heat source derived by Bechtel15 overestimates the
surface temperature in the intermediate regime, as shown
by the dashed and solid lines in fig. 2.
IV. EXPERIMENTAL DATA
We employ time-resolved x-ray diffraction to studying
thermal diffusion in solids by detecting the transient lat-
tice temperature via the lattice expansion after absorp-
tion of a optical excitation pulse.24–26 In a similar way,
thermal expansion of a laser-excited solid surface can be
detected with ultrahigh precision using the excitation of
so-called transient gratings (TG) which are probed by
time-resolved x-ray reflectivity (TRXRR).27
The excitation and TRXRR probing of TGs is de-
scribed in detail elsewhere28,29 and only the main fea-
tures are summarized here. TGs are excited by over-
lapping two laser pulses on the surface of a sample. In-
terference of the two optical beams results in a spatial
modulation with a period Λ of few micrometers. The
spatial modulation of the excitation is inscribed as ther-
mally expanded surface in the sample. An x-ray pulse
impinging the sample under grazing incidence angles is
diffracted from the periodically expanded surface due to
a momentum transfer ~kout − ~kin = ~q⊥ ± 2piΛ . ~kin,~kout and
~q⊥ denote the wavevectors of the incident and diffracted
beam and the recoil momentum of the specular reflec-
tion at the surface, respectively. It has been shown that
the x-ray intensity of the first diffraction order from the
TG is a precise measure for the amplitude of the sur-
face deformation.29 Thus, by measuring the first order
diffracted intensity, we can determine the thermal expan-
sion of the laser-excited surface. As explained below, our
setup allows to select only two distinctly different pulse
durations, namely 1 ps and 10 ns. Thus, we are not able
to reconstruct the nonlinear relation of pulse duration
and generated peak temperature. In consequence, we do
not convert the volumetric thermal expansion to a tran-
sient temperature in the excited film. Instead, we use
the volumetric thermal expansion as an indicator for the
absorbed energy in the sample. Although this is only an
indirect signature of the generated temperature profile,
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FIG. 3. Experimental Data: a) X-ray diffraction from
a periodically distorted sample after transient grating (TG)
laser excitation. b) Experimental data measured after excita-
tion with 1 ps (black) and 10 ns (blue, green and red) optical
pulses.
we believe that the experimental data is an illustrative
example for the theory derived in the previous sections.
The experiments were performed at the ID09 beamline
at the European Synchrotron ESRF.30,31 The beamline
is equipped with a commercial Ti:Sapphire laser system
(Legend, Coherent Inc.) that delivers optical pulses with
a wavelength λ=800 nm, a pulse energy of E=2 mJ and a
duration of τp=1 ps at a repetition rate of f=1 kHz. The
laser system does not provide an adjustment of the pulse
duration. However, the cavity of the regenerative am-
plifier emits pulsed amplified stimulated emission (ASE)
by itself, which has a duration of τp ≈10 ns.32 Thus, by
blocking the cavity seed pulse and by bypassing the com-
pressor stage of the amplifier33,34 the laser emits 10 ns
optical pulses at similar energies, wavelength and repeti-
tion rates as in the short-pulse, seeded mode.
TRXRR measurements of laser excited TGs were per-
formed using τp=1 ps and τp=10 ns laser pulses. The
sample was a LAO/LSMO/NGO heterostructure as de-
scribed in sec. III C and sketched in fig. 2. The dam-
age threshold of the sample after excitation with fem-
tosecond optical pulses is ≈30 mJ/cm2. Using eqn. 11
we find Tmax = 1730 K. Experimental data for differ-
ent excitation fluencies is shown in Fig. 3. The black
curve is measured with fs excitation pulse and a fluence
of 16.27 mJ/cm2 [Tmax = 950 K]. The data exhibits char-
acteristic oscillations from the propagation of impulsively
excited coherent surface acoustic waves.27,28
Measurements with the 10 ns excitation pulse and with
fluencies of 27 mJ/cm2, 70 mJ/cm2 and 125 mJ/cm2 are
depicted by the blue, green and red line in Fig 3. The
latter fluence is clearly above the damage threshold flu-
ence of the short pulse excitation. Using eqn. 17 we find
peak temperatures of 270 K, 700 K and 1250 K. The sim-
ulated peak temperature shown in fig. 2 is even lower
because the 10 ns excitation pulse still falls in the tran-
sition regime of laser heating. However, noticeable heat
transport from the excited volume to adjacent layers oc-
curs during the absorption of the 10 ns optical pulse. This
protects the excited volume from overheating and allows
higher absorbed fluencies. The accumulated thermal ex-
pansion in the sample leads to the higher deformation
and thereby, higher diffracted intensity observed in the
experiment. We will discuss the experimental data in
more detail in a separate publication that is currently in
preparation.
V. APPLICATION EXAMPLES OF THE τ -PARAMETER
In this section we want to discuss the τ -parameter,
that was derived in sec. III, in the context of practical
examples. As stated before, the expression
τ =
d2cpρ
2k
(20)
defines the timescale where the temperature distribution
in a finite volume is equally determined by the source
and by the diffusion term in eqn. 3. Although we have
derived the theory to describe the absorption of a sin-
gle laser pulse, real-world experiments generally employ
laser that emit pulses at a specific repetition rate. There-
fore, in the first example, we discuss accumulated heat
by femtosecond optical excitation of a solid heterostruc-
ture at high repetition rates, as described by Reinhardt
et al.35. The sample was a 94 nm thin SrRuO3 (SRO)
metallic film on a transparent SrTiO3 (STO) substrate.
It was excited by optical pulses with a duration of 250 fs
at a repetition rate of 208 kHz and an average power of
1.2 W. Receprocal space maps at the (002) STO Bragg
reflex revealed a strong sample deformation due to accu-
mulated heat under these excitation conditions.
In order to apply the τ -parameter to this experiment,
we solve eqn. 20 for the characteristic diffusion length
d = 2
√
τk
cpρ
≈ 8µm where τ = 1/frep=5µs now denotes
the interval between excitation pulses and cp = 733 [J
kg−1K−1], k = 12 [W m−1 K−1] and ρ = 5120 [g m−3]
denote material parameters for STO. The accumulated
temperature per excitation pulses reads35
∆T =
F
cpρ · d = 1.5 [K] (21)
where F denotes the fluence of the excitation pulse.
Thus, within the characteristic diffusion length d the tem-
perature between two laser excitation rises by 1.5 K. Note
that the experiment was performed at a repetition rate
of 208 kHz. Thus, the accumulation leads to significant
static heating of the sample in the excitation region. This
example demonstrates that the τ -parameter can be used
to easily estimate heat accumulation effects in all-optical
pump-probe experiments.
The second example we discuss is a Si monochromater
for hard x-rays, i.e. a standard optical element at Syn-
chrotron and Free Electron Laser (FEL) beamlines. Typ-
ically broadband x-ray pulses emitted from the insertion
6device impinge the monochromator at the Bragg angle.
As an example we discuss the (111) reflex of Si at 10 keV.
Except for a very narrow spectral portion (∆EE0 = 10
−4),
which is diffracted towards the experiment, the imping-
ing photons are absorbed in the monochromator within
d = 27.85µm36. By directly applying eqn. 20 with mate-
rial parameters for Si, we find a characteristic timescale of
τ = 55µs. Thus, only after this time a significant amount
of thermal energy is transported away form the absorp-
tion volume. This estimation makes it immediately clear
that radiation induced thermal deformation is a major
concern in the design of x-ray optical elements37. These
issues will become even more important in the future with
the advent of high brilliance FELs working at high rep-
etition rates38 or with the newly installed low-emittance
4th generation synchrotron sources39.
VI. CONCLUSION
In conclusion we have identified three regimes of heat
diffusion after laser excitation of opaque solids where the
generated peak temperature Tmax depends differently on
the pulse duration: for ultrashort excitation pulses, the
heat diffusion term in eqn. 3 can be neglected and Tmax
becomes independent of the pulse duration. For long ex-
citation pulses, the heat diffusion term dominates and
Tmax becomes proportional to τ
−1/2. This solution has
been previously derived15,17 and is commonly used to de-
termine Tmax after laser excitation. However, in the in-
termediate regime, Tmax must be calculated by fully solv-
ing eqn. 3. We introduce the parameter τ⊥ [c.f. eqn. 8]
which depends solely on material constants and on the
duration of the excitation pulse and which allows to asses
the relevant heat transport conditions in a given experi-
ment. By comparison with FEM simulations we find that
the long pulse limit typically overestimates the surface
temperature. With the exception of metals, the interme-
diate regime applies in most practical cases, where exci-
tation pulses with a duration between 10 ps and 50-100 ns
are used. The derived theory is illustrated by measure-
ments of the volumetric thermal expansion of a sample
after excitation with optical pulses of variable pulse du-
ration.
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